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Abstract

Background: Including adequate concentrations of antioxidants in dog diets has been

recommended to reduce their vulnerability to the action of free radicals and reac-

tive oxygen species (ROS). Oxidative stress in dogs has been associated with a wide

range of diseases and disorders, aswell aswith ageing. There are few reports about the

influence of diet on dog’s antioxidant profile and oxidative stress.

Objective: The objective of this study was to evaluate the effect of four types of dry

dog food on the oxidative/antioxidant profile of dogs.

Methods: Six Beagle dog males were used. The study included four experimental diets

(dry foods A–D). Each dry food was supplied for 5 weeks to all dogs, for a total of 24

weeks, including an adaptation week between one food and another. For each dry dog

food, the total phenolic content (TPC), total antioxidant capacity (TAC) and cytotoxicity

were evaluated. Each week, a blood sample was collected to measure ROS and TAC of

plasma. A crossover repeatedmeasures designwas used.Mixedmodelswere adjusted,

andmeans were compared using the Tukey test.

Results:FoodAhad thehighest values forTPCandTAC. FoodChad the lowest levels of

ROS,whereas foodBhad thehighest TAC in thebloodplasma. Thedoghad a significant

influence on the redox state of its blood plasma, even when the same dog was fed the

different dry foods.

Conclusion: Dry dog food influences the oxidative/antioxidant profile of dog’s blood

plasma; however, this seems to be unrelated to the antioxidant profile of the food.
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1 INTRODUCTION

During the storage of food for animal consumption, different processes

that alter their natural propertiesmay occur; one of them is the peroxi-

dation of lipids. This process causes the rancidity of food and produces

a change in flavour, aroma and colour, as well as a decrease in the shelf

life of the product (Błaszczyk et al., 2013). To counteract this, natu-
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ral or synthetic antioxidants are often added in small amounts. These

substances increase the durability of the food product and improve

or modify its properties, including its appearance, taste or structure,

without diminishing its nutritional value (Silva & Lidon, 2016). In addi-

tion, including adequate concentrations of antioxidants in dog diets

has been recommended in order to counterbalance the action of free

radicals and reactive oxygen species (ROS) (Pacheco et al., 2018). The
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imbalance between ROS production and their elimination by the body

antioxidant systems is known as oxidative stress (Macotpet et al.,

2013). ROS can severely alter the structure of molecules, such as pro-

teins, lipids and deoxyribonucleic acid (DNA) (Valko et al., 2006). These

alterations can cause cell degeneration and ageing (Hermans et al.,

2007). Oxidative damage plays an important role in the pathogeny of

many inflammatory diseases, such as diabetes mellitus, kidney disease

and cancer in mammals, and some alterations of the cardiovascular

and nervous system (Halliwell, 2007; Peddireddy et al., 2012; Sánchez-

Pérez et al., 2005; Sharifi, 2009; Valko et al., 2006). Oxidative stress

in dogs has been associated with osteoarthritis (Barrouin-Melo et al.,

2016) and carcinogenesis (Macotpet et al., 2013; Winter et al., 2009),

oneof the leading causes of death for this species (Bonnett et al., 1997).

Several studies have investigated the influence of age, exercise and

animal welfare on dog oxidative stress (Dunlap et al., 2006; Pasquini

et al., 2008; Passantino et al., 2014). However, there are few reports

about the influence of the type of diet on dog redox state (Pacheco

et al., 2018). A total antioxidant capacity (TAC) assay is the most com-

monlyusedanalyticalmethod todetermine theantioxidant balance in a

biological sample (Rubio et al., 2016). Extensive research hasmeasured

blood plasma TAC in healthy dogs (Nemec et al., 2000), dogswith heart

disease (Hetyey et al., 2007), dermal disease (Martínez-Subiela et al.,

2014), infectious disease (Ciftci et al., 2014; Kocaturk et al., 2015) and

after undergoing surgical procedures (Lee & Kim, 2014) or vaccination

(Rudoler et al., 2015). However, there are limited information regard-

ing the effect of diet in the TACof dog blood plasma.On the other hand,

it has been reported that the nutritional composition of dry dog food is

not related to their antioxidant contribution, as measured by the TAC

and the total phenol content (Restrepo et al., 2019).

The aim of this study was to evaluate the effect of dry dog food

with different nutritional profiles on the oxidative/antioxidant profile

of blood plasma in dogs.Wehypothesize that the oxidative/antioxidant

profile of dog’s plasmawill be affected by the type of dry dog food sup-

plied, due to the differences in the antioxidant profile of each of the

diet.

2 MATERIALS AND METHODS

2.1 Animals and experimental design

Six healthy 1-year-old Beagle males were used. A crossover repeated

measures design was used, because all dogs were simultaneously fed

with the same dry dog food for 5weeks, and thiswas repeated until the

four dry dog foods and 20 weeks were completed. Each dry food had a

different nutritional profile (Table 1). The order in which the diets were

supplied was randomly assigned. Every week and for 20 weeks, each

dependent variable was evaluated, for a total of 20 repetitions per dog

and 120 repetitions throughout the experiment. A week was included

at the beginning of each period (Bruni et al., 2020), in which the previ-

ous food was gradually changed until reaching 100% of the food to be

tested, as follows: 25% on the first day, 50% on the second day, 75% on

the third day and 100% from the fourth to the seventh day. Therefore,

TABLE 1 Nutritional profiles of dry dog foods

Nutrient/food A B C D

Moisture (%) 7.56 8.01 7.62 7.50

Protein (%) 20.08 17.33 22.92 24.00

Fat (%)a 8.55 11.64 13.69 16.00

Fiber (%) 3.86 2.44 2.05 2.60

Ash (%) 7.09 6.67 6.38 6.20

NFE 52.86 53.91 47.34 43.7

Metabolizable energy

(kcal/kg)

3200 3620 3810 3870

Calcium (%) 1.50 1.70 1.18 1.00

Phosphorus (%) 1.08 1.09 0.87 0.80

Ca:P ratio 1.39 1.56 1.36 1.25

Sodium (%) 0.33 0.20 0.20 0.20

Potassium (%) 0.9 0.7 0.6 0.6

Vitamin A (UI/kg) 6494 7792 9090.9 11,688.3

Vitamin D (UI/kg) 780 936 1092.0 1170.0

Vitamin E (UI/kg) 56 67 100.0 111.1

Thiamine (mg/kg) 2.7 3 3.78 4.05

Riboflavin (mg/kg) 5.6 7 7.84 8.4

Pantothenic acid

(mg/kg)

14 17 19.6 21

Niacin (mg/kg) 18 22 25.2 27

Pyridoxine (mg/kg) 2 2 2.52 2.7

Folic acid (mg/kg) 0.3 0.36 0.42 0.45

Vitamin B12 (mg/kg) 0.035 0.042 0.049 0.0525

Choline (mg/kg) 1700 2040 2380 2550

Butylhydroxyto-

luene-BHT (%)

0.015 0.015 0.015 0.015

aFat sources: beef fat (food A); chicken fat (food B); chicken fat and fish oil

(food C); chicken fat, fish oil and seaweed extract (food D). NFE: nitrogen-

free extract. Ca: calcium. P: phosphorus. Additional ingredients: A, B, C

and D: corn, poultry swine hydrolysate, sodium chloride, zinc sulphate,

calcium carbonate, calcium phosphate, Yucca schidigera, copper sulphate,
mixed tocopherols, calciumpantothenate,manganese sulphate, biotin, vita-

min K, calcium iodate, sodium selenite. A, B and C: wheat bran, meat meal,

propionic acid, citric acid. B, C and D: organic zinc, vitamin C, organic

selenium. A and B: soybean hulls, soybean meal, rice polishing, bentonite,

choline chloride,methionine.AandD: ferrous sulphate.BandC: corngluten

meal, potassium sorbate, iron sulphate, organic copper, organicmanganese.

C and D: fish meal, rice hulls, beet pulp, lignocellulose, zeolite, potassium

chloride, choline chloride, yeast extract (Saccharomyces cerevisiae), probi-
otics. A: molasses, rice bran. B: titanium dioxide. D: poultry hydrolysate,

poultry meal, oats, cassava starch, egg, pea protein, wheat protein, algae

extract, L-lysine, organic iron, L-carnitine, lutein, betacarotene, taurine,

tribasic copper.

the entire experiment lasted 24weeks. This “adaptationweek”was the

washout period in our experimental design. All foods were formulated,

prepared and provided by Solla S.A. (Itagüi, Colombia).

Dogs were assigned to individual feeding modules with two areas: a

resting and feeding area (2 m2) equipped with feeders, and an outside

area (4.8 m2) equipped with automatic drinkers. Dogs interacted
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socially with other dogs in playgrounds, where they stayed for 6 h

each day. During the experiment, each animal wasweighed everyweek

at the same hour of the day. Rations were updated based on energy

input and requirements of the National Research Council (Nutrient

Requirements of Dogs and Cats, 2006). Additionally, both the total

offered food and the rejected foodwere weighed. Dogs were fed twice

a day (7:30 and 15:30 h) and had free access to water throughout the

study. Prior to the experiment, all dogs were vaccinated, dewormed

and clinically examined to ensure optimal health.

2.2 Assessment of the antioxidant profile of dry
dog foods

2.2.1 Total phenolic content (TPC)

We measured total phenolic content (TPC) through the Folin–

Ciocalteu method (Singleton & Rossi, 1965). Each food was evaluated

in triplicate, macerating 0.8 g of dry dog food and adding 10 ml of type

I water. The mixtures were subjected to a vortex for 30 s and then

centrifuged for 10 min at 3000g in a Z 206 A centrifuge (Hermle, Ger-

many). Then 50 μl of sample were added to 125 μl of Folin–Ciocalteu
reagent, and 400 μl of sodium carbonate 7.1% (p/v), adjusting with

distilled water to 1000 μl. A standard curve was generated using

gallic acid (Merck, Germany) as the sample. Readings were made at

760 nm using a UV–Vis spectrophotometer (Jenway, 6405, Essex,

England).

2.2.2 Discoloration test with ABTS•+ cation radical

Each dry dog food TAC was measured using the ABTS (2,20-azino-bis

3-ethylbenzothiazoline-6-sulfonic acid) assay (Arts et al., 2004), mac-

erating 0.8 g of dry dog food and adding 10 ml of type I water. The

mixtures were subjected to a vortex for 30 s and then centrifuged for

10 min at 3000g in a Z 206 A centrifuge (Hermle, Germany). A total

of 10 μl of the supernatant and 990 μl of the ABTS•+ radical solution

(Sigma-Aldrich, USA) were used. After 30min of reaction at room tem-

perature in the dark, a 6405UV/Vis spectrophotometer (Jenway, USA)

measured the change in absorbance in triplicate with respect to a ref-

erence solution composed of 10 μl of buffer solution and 990 μl of the
ABTS•+ radical solution. The radical was generated by the oxidation of

3.5 mM of ABTS with 1.25mMof potassium persulphate. After 24 h of

reaction, PBS absorbance was adjusted to pH 7.4 up to 0.70 units, at a

λ of 732 nm and was compared against a Trolox (Sigma-Aldrich, USA)

standard curve.

2.2.3 Oxygen radical absorbance capacity (ORAC)
assay

The TAC for each food was also measured using the oxygen radical

absorbance capacity (ORAC) assay (Zapata et al., 2014), macerating

0.8 g of dry dog food and adding 10 ml of type I water. The mixtures

were subjected to a vortex for 30 s and then centrifuged for 10 min

at 3000g in a Z 206 A centrifuge (Hermle, Germany). A fluorescein

solution of 1 × 10−5 M in PBS (75 mM, pH 7.4) and an AAPH solu-

tion of 0.6 M (Sigma-Aldrich, USA) in PBS (75 mM, pH 7.4) were used.

Each reaction tube was filled with 21 μl of fluorescein, 2.899 μl of PBS,
30 μl of sample (supernatant) y and 50 μl of AAPH. The assay was con-
ducted under controlled conditions at 37◦C and pH 7.4, and Trolox

(Merck, Darmstadt, Germany) was used as the control antioxidant.

The readings were performed by triplicate on an LS 55 spectrofluo-

rometer (Perkin Elmer, Waltham, USA) at excitation/emission lengths

of 493/515 nm. The ORAC value was calculated using the differ-

ences in areas under the fluorescein decay curve between a target

and the sample, and it was then compared against a Trolox standard

curve.

2.3 Diet cytotoxicity analysis

For MTT (3-(4,5-dimethylthiazol-2-yl) 2,5 diphenyltetrazolium bromide)

assay (Mosmann, 1983), CHO-K1 cells were obtained from an ATCC

(American Type Culture Collection). These cells were kept in RPMI

1640 medium (Sigma-Aldrich, USA) supplemented with 5% bovine

foetal serum (Gibco, Thermo Fisher Scientific, USA) and 1% penicillin–

streptomycin solution (100 IU penicillin and 100 μg/ml of strepto-

mycin), in a humid atmosphere at 37.5◦C with 5% CO2. About 6000

cells were seeded in a 96-well cell culture plate and exposed to 10

different concentrations (from 0.1 to 10 mg/ml) of each of the exper-

imental diets for 24 h, ensuring the availability of the food during an

entire cell cycle. A total of 10 μl of MTT (Sigma-Aldrich, USA) at a

concentration of 5 mg/ml was then added to the wells. After a 3.5-h

incubation period, 100 μl of isopropanol acid (0.8% v/v of smoking HCl,

10% v/v of triton, 89.2% v/v of isopropyl alcohol) were added to dis-

solve the formazan crystals. The reading was performed at 570 nm on

aMultiskan Spectrum reader (Thermo Scientific).

2.4 Measurement of the redox state in blood
plasma

Blood samples were collected once a week from each dog, during

the 5 weeks of each treatment for a total of 20 weeks. Blood sam-

ples were obtained through a venous puncture of the cephalic vein.

The blood plasma was extracted by centrifugation at 3000 × g for

10 min (Pacheco et al., 2018) and stored at −80◦C. ROS produc-

tion was measured using the 2.7-dichlorodihydrofluorescein diacetate

(H2DCFDA) assay (Aitken et al., 2013). Each sample was made up of

30 μl of blood plasma, 240 μl of buffer solution (pH 7.4) and 30 μl
of a 40 mM H2DCFDA solution (Intervet International BV, Boxmeer,

the Netherlands). Readings were performed by quadruplication on an

LS 55 spectrofluorometer (Perkin Elmer, Massachusetts, USA). The

blood plasma TAC was measured using the ABTS assay described

above.
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TABLE 2 Consumption and rejections for each food

FoodA Food B Food C FoodD Average

Dog C (g) R (g) C (g) R (g) C (g) R (g) C (g) R (g) C (g) R (g)

1 255.1± 12.5 34.8 ± 12.5 259.4± 10.8 30.5 ± 10.8 240.1± 12.29 133.0 ± 23.6 248.6± 13.8 141.3 ± 13.8 250.8 84.9

2 230.1± 9.6 21.9 ± 9.6 235.7± 6.7 16.3 ± 6.7 213.3± 15.5 118.2 ± 30.0 182.0± 10.3 169.9 ± 10.3 215.2 81.5

3 262.2± 13.9 33.8 ± 13.9 274.7± 9.6 21.3 ± 9.6 207.9± 8.6 171.4 ± 17.9 207.8± 14.8 188.2 ± 14.8 238.1 103.6

4 288.6± 13.1 21.4 ± 13.1 250.7± 11.7 59.3 ± 11.7 219.2± 8.4 175.9 ± 27.8 241.2± 14.7 168.8 ± 14.7 249.9 106.3

5 252.0± 0.0 0.0 ± 0.0 252.0± 0.0 0.0 ± 0.0 326.2± 19.4 5.3 ± 5.3 252.1± 11.9 99.91 ± 11.9 270.5 26.30

6 153.0± 1.0 1.0 ± 1.0 154.0± 0.0 0.0 ± 0.0 195.1± 13.6 28.3 ± 15.1 173.4± 8.1 80.6 ± 8.1 168.8 27.4

Average

(g)

240.1a 18.8C 237.7ab 21.2C 233.6ab 105.4B 217.5b 141.4A 232.2 71.7

Note: C: food consumption. R: food rejection. The results of consumption and rejection are expressed as the mean ± standard error of the mean (SEM). The

averages of consumption and rejection were calculated based on the total of each food that was made available to each dog. Different lower case letters

indicate significant statistical difference (p<0.05) between food consumption.Different upper case letters indicate significant statistical difference (p<0.05)

between food rejections. Bold and italics text indicates general averages of consumption and rejection, both for eachdog regardless of diet (rows) and for each

diet regardless of dog (columns). The value in bold but without italics at the end of the table, means the general average of consumption and rejection.

2.5 Statistical analysis

To evaluate sources of variation, a linear model was adjusted for each

dependent variable. In each statistical model, the random effect of the

dog ID, the fixed effects of the dry food, the dog’s weight and the inter-

actions between the sampling date and the dog ID and the dry food

and the dog ID were included. The normality of the data was assessed

using the Shapiro–Wilk test. Means were compared by the Tukey test.

For the evaluation of the cellular cytotoxicity of dry foods, a polyno-

mial regression analysis was performed. The level of significance for all

assessmentswas p<0.05. All datawere analysed using SAS version 9.2

software (SAS Inst. Inc., Cary, NC, USA).

3 RESULTS

3.1 Antioxidant profile, consumption and
antioxidant contribution of dry dog foods

The average weight of the dogs during their participation in the study

was 9.83 ± 0.15 kg. The results of consumption and rejection for each

food and for each dog are presented in Table 2. Dogs showed no signs

of physical or behavioural discomfort during adaptation week for any

of the diets. The description of the antioxidant profile of the foods used

in the study is shown in Table 3. Considering the average daily con-

sumption of each food and its antioxidant profile, the daily antioxidant

contribution of each food was calculated (Table 4). Food A presented

the highest TPC and the highest TAC evaluated through theORAC and

ABTS assays (Table 3), whichwas reflected in a higher daily antioxidant

contribution (Table 4).

3.2 Diet cytotoxicity analysis

Results for theMTT assay show that none of the foods produced a cel-

lular viability of less than 80% in the concentrations tested, indicating

TABLE 3 Antioxidant profile of the dry dog foods

Food

Total phenolic

contenta (mg gallic

acid/100 g sample)

Total antioxidant

capacity by ABTSb

(µmol Trolox/100 g

sample)

Total antioxidant

capacity by

ORACc (µmol

Trolox/100 g

sample)

A 225.97± 1.06 3718.09± 81.54 2755.16± 99.97

B 133.25± 4.39 2648.21± 61.4 1551.93± 79.85

C 130.82± 0.88 3122.91± 30.77 1792.56± 58.05

D 155.18± 2.15 3156.58± 61.49 2644.59± 126.56

Abbreviation: ORAC, oxygen radical absorbance capacity.
aTotal phenolic content wasmeasured by Folin–Ciocalteumethod.
bABTS: total antioxidant capacity measured by discoloration test with

ABTS•+ cation radical.
cORAC: total antioxidant capacitymeasuredby theORACassay. The results

are expressed as themean± standard error of themean (SEM).

that none of them had a cytotoxic effect. An increase in cellular viabil-

ity was observed for food D in concentrations greater than 1.0 mg/ml.

The polynomial regression analysis of the MTT assay was chosen due

to better fitness and showed a reduction in cellular viability with an

increase in the concentration of foods A–C, resulting in the negative

regression coefficients found (Figure 1). On the other hand, a positive

regression coefficientwasobtained for foodD. For this regressionanal-

ysis, coefficients of determination (R2) greater than 0.3 for all diets

were found (R2: 0.30–0.81).

3.3 Redox state of blood plasma

A total of 480 blood samples were evaluated, obtaining ROS and

ABTS values of 0.065 ± 0.002 relative fluorescence units and

11,651.94 ± 231.03 μmol Trolox/L sample, respectively. The statisti-

cal models used for both variables were significant (p < 0.05), with R2

values of 0.90 and 0.98, respectively. Food, dog ID, sampling date and

the interactions between sampling date and dog ID, and the dry food
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TABLE 4 Daily antioxidant contribution per food

Food Consumptiona (g)

Phenol contributionb

(mg gallic acid/day)

ABTS contributionc

(µmol Trolox/day)

ORAC contributiond

(µmol Trolox/day)

A 240.18 542.74± 2.55 8930.14± 195.84 6617.37± 240.11

B 237.76 316.82± 10.44 6296.43± 145.99 3689.90± 189.85

C 233.64 305.65± 2.06 7296.31± 71.89 4188.10± 135.63

D 217.52 337.55± 4.68 6866.31± 133.76 5752.61± 275.30

Abbreviation: ORAC, oxygen radical absorbance capacity.
aAverage consumption of each food per dog.
bAverage of phenols consumed per dog.
cAverage of ABTS units consumed per dog.
dAverage of ORAC units consumed per dog. The results are expressed as themean± standard error of themean (SEM).

y = -0.3208x2 + 1.7261x + 98.268
R² = 0.8069

y = 0.014x2 - 1.979x + 103
R² = 0.5678

y = 0.3811x2 - 4.7644x + 104.64
R² = 0.3063

y = 0.3379x2 + 1.7852x + 80.413
R² = 0.8181
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F IGURE 1 Polynomial regression analysis for theMTT assay. Polynomial regression equations are presented according to the following
formula: y= β2x2 + β1x+ β0, where β0 is the y-intercept, β1 is the slope for x, and β2 is the slope for x2. R2: coefficient of determination. The dotted
lines correspond to the trendlines for the regression for each food.

and the dog ID, affected plasma ROS and ABTS values (p < 0.05). This

suggests that much of the variability found in the redox state of the

dog blood plasma may be attributed to these effects. The results for

ROS and ABTS in the blood plasma by food are described in Table 5.

Food A produced the highest levels of ROS and the lowest levels of

TAC, whereas food C had the lowest ROS production, and food B had

the highest TAC. Regarding the analysis per dog of the redox state of

blood plasma, dog number 5 had the lowest ROS, whereas dog number

1 had the highest TAC and the second lowest ROS production (Table 6).

It might be thought that dog number 1 was the animal that was sub-

jected to the least oxidative stress. Moreover, it was observed that the

redox stateof theblood sampleswasdog-dependent, even for the same
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692 USUGA ET AL.

TABLE 5 Blood plasma oxidative/antioxidant state by food

Food

Reactive oxygen species

(RFU)

Total antioxidant

capacity by ABTSA (µmol

Trolox/100 g sample)

A 0.075± 0.005a 7107.37 ± 145.88c

B 0.070± 0.002a 17,119.58 ± 561.03a

C 0.040± 0.001b 12,581.72 ± 76.45b

D 0.068± 0.005a 12,525.81 ± 196.51b

Abbreviation: RFU: relative fluorescence units.
ATotal antioxidant capacity measured by discoloration test with ABTS.+

cation radical. The results are expressed as the mean ± standard error of

themean.
a,b,cDifferent letters in the columns indicate significant statistical difference

(p< 0.05).

TABLE 6 Effect of the dog on the blood plasma redox/antioxidant
state

Dog

Reactive oxygen species

(RFU)

Total antioxidant

capacity by ABTSA (µmol

Trolox/100 g sample)

1 0.060± 0.004b 12,096.64 ± 606.06a

2 0.068± 0.003b 11,034.65 ± 549.46b

3 0.065± 0.002b 11,896.97 ± 551.45a

4 0.079± 0.008a 11,973.65 ± 545.22a

5 0.049± 0.002c 11,092.02 ± 576.48b

6 0.068± 0.008b 11,817.7 ± 571.24ab

Abbreviation: RFU: relative fluorescence units.
AATotal antioxidant capacity measured by discoloration test with ABTS.+

cation radical. The results are expressed as the mean ± standard error of

themean.
a,b,cDifferent letters in the columns indicate significant statistical difference

(p< 0.05).

type of food (Figures 2 and 3). However, a more stable behaviour was

observed in the TAC of blood plasma when dogs were fed with food C,

whereas ROS production was not different between dogs when they

were fed with foods B and C.

4 DISCUSSION

Oxidative stress refers to the imbalance between oxidants and antioxi-

dants in favour of ROS. Elevated oxidative stress can result in oxidative

damage at the cellular level, leading to deleterious and pathological

consequences (Passantino et al., 2014). For this reason, the incorpo-

ration of adequate concentrations of antioxidants in diets has been

recommended in order to reduce the vulnerability of cell membranes

to the action of free radicals, reactive species of nitrogen and oxygen

(Pacheco et al., 2018). However, individual antioxidant levels in foods

do not necessarily reflect the food TAC, which depends on synergis-

tic and redox interactions between the different molecules present in

the food. Several methods have been developed to measure the food

TAC (Pellegrini et al., 2003). It was found in this study that food A fol-

lowed by food D had the highest values for total phenols, ABTS and

ORAC, whereas food B obtained the lowest values. This may be due

to variations in composition and raw materials used in different dry

dog foods, with differences reported between fibre content, raw pro-

tein and fat (Restrepo et al., 2019). For example, lipids in dry dog foods

can represent from 5% to 40% of the diet, where fat may be animal-

based, plant-based or sometimes a mixture of both (Bauer, 2007). In

general, trends for the development of high-quality dry dog foods are

associated with a high fat content as an energy source, mainly in the

form of polyunsaturated fatty acids (PUFAs), which increase the final

digestibility of the diets (Marx et al., 2017). However, PUFAs are known

to bemore susceptible to oxidation (Pacheco et al., 2018). In a previous

research, it was observed higher average values for TPC and ABTS in

the dry dog foods with higher fibre content, suggesting a positive cor-

relation between raw fibre content and TPC (Restrepo et al., 2019).

The ABTS is a single-electron transfer-based assay, the limitations of

which are its pH dependency and its reliance on the percentage of

product decrease rather than the kinematics (Bartosz, 2010). It has

been reported that when using a hydrophilic assay, as in the present

study, most of the antioxidant capacity can be attributed to protein

(10%–28%), uric acid (7%–60%) and ascorbic acid (2%–27%), whereas

the effect of lipophilic components, such as vitamin E, isminimal (Aldini

et al., 2010). Hence, a lower ABTS value for food B may be explained

by the fact that it is the food with the lowest protein content. How-

ever, ABTS•+ is soluble in both aqueous and organic solvents and is not

affected by ionic strength, so can be used in multiple media to deter-

mine both hydrophilic and lipophilic antioxidant capacities of body

fluids (Awika et al., 2003).ORACassaywas not performed on the blood

plasma of dogs, because being a hydrogen atom transfer method, the

presence of reducing agents, including metals, is a complication and

can lead to erroneously high apparent reactivity (Prior et al., 2005). In

addition, the ORAC assay is very sensitive to the temperature, more

laborious, costly and time-consuming than the ABTS assay (Schaich

et al., 2015).

TAC has become a prominent indicator of quality and functionality

in human food, and it is frequently used to promote the consumption of

products with a high antioxidant capacity (Pompella et al., 2014). It has

even been reported that consumption above 10,000 μmol Trolox/day

(ORAC units) is linked to a lower risk or incidence of hypertension,

cerebral infarction, overall mortality, stroke and endometrial cancer in

humans (Prior, 2015). The results of the antioxidant contribution in this

study, presented as the foods ORAC units, are below this value. How-

ever, in pet nutrition, TAC is not often reported and possibly not often

considered in the formulation of diets (Restrepo et al., 2019). In 2001,

a commercial dry dog food product with a high antioxidant component,

measured in ORAC units (μmol Trolox/g), was first introduced into the

pet food industry to assist in the treatment of cognitive decline and

age-related behavioural changes in older dogs (Zicker, 2005). More-

over, it has been reported that a diet rich in antioxidants, based on the

number of ORAC units in fruits and vegetables in a serving, decreases

cognitive decline and oxidative damage caused by ageing in Beagle

dogs (Dowling&Head, 2012). However, it is known that dry foodsman-

ufacturing process (extrusion, baking or other) can affect the oxidative
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stability of the kibble (Hołda & Głogowski, 2016). Deep fat frying can

be problematic due to the combination of high temperatures andwater

that accelerate reactions, such as triacylglycerol hydrolysis, fatty acid

oxidation, double-bond isomerization and polymerization of fatty acids

(Zhang et al., 2012).Meats are also highly susceptible to lipid oxidation

because cooking releases protein-bound metals, inactivates antiox-

idant enzymes and physically disrupts lipid membranes (Bou et al.,

2010). At each stage of the feed manufacturing process, there could

be a loss of nutrients; however, this loss is taken into account. For this

reason, the design of the formula includes a higher level of vitamins,

PUFAs and antioxidants, so that the final product contains the desired

amounts.

On the other hand, some studies have quantified the safety of

ingredients in dog food by measuring in vitro cytotoxicity in differ-

ent types of cells relevant to toxicity tests (Koči et al., 2015; Ortega

et al., 2016; Zhang et al., 2015). Moreover, the NRC has released direc-

tions on how to evaluate the safety of substances used in horse, dog

and cat foods (National Research Council (NRC), 2008). Cytotoxicity

of dry pet foods has also been associated with fungal contamination

and mycotoxins (Singh et al., 2018). The oxidation of lipids also gener-

atespotentially cytotoxic fatty aciddegradationproducts that can form

genotoxic advanced lipid oxidation endproducts (Kanner, 2007); highly

unsaturated fatty acids such as the omega-3s are the most suscepti-

ble to oxidation and potentially generate the most toxic degradation

products, such as aldehydes, which are able to form conjugates with

proteins, cell membranes and DNA (Vieira et al., 2017). In this study,

none of foods had a cytotoxic effect according to the viability analy-

ses that were performed, not even those supplemented with fish oil.

This could bebecause the stability of lipids and the resulting lipid oxida-

tion products are dependent upon the degree and nature of the degree

of unsaturation of fatty acids, antioxidant content, prooxidants, food

processingoperations and storage conditions (Vieira et al., 2017). Addi-

tionally, an increase in cell viability was observed for food D, which

could be explained by cell proliferation due to the nutritional contri-

bution of this food. The methods used to determine viability, including

the MTT assay used in this research, have been reported to be also
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common for the detection of cell proliferation (Adan et al., 2016).

It would be very interesting for future studies, to evaluate the relation-

ship between the content of PUFAs in dry dog foods, lipid peroxidation

and their cytotoxicity.

It has been reported that supplementation of the diet of dogs with

sources of vitamins, minerals and polyphenols produces an increase

in the TAC of their blood plasma (Corsato-Alvarenga & Aldrich, 2018;

Hesta et al., 2009; Sechi et al., 2017). Vitamin E supplementation, for

example, has been shown to increase plasma TAC and to improve clini-

cal signs and effects on oxidative stress, in dogs with atopic dermatitis

(Kapun et al., 2014). Essential fatty acids also play a role in scavenging

free radicals produced within cells, which participate to the protection

of cell constituents (Sagols &Priymenko, 2011). Daily supplementation

in omega-3 essential fatty acids increases the cellular concentration of

superoxide dismutase, making it more available to neutralize the free

radicals produced by cellular metabolism (Luostarinen et al., 1997).

Omega-3 fatty acids can be found mainly in fish oils (Sagols & Priy-

menko, 2011), such as those used in foods C and D. In our study, food

D had the highest concentrations of vitamins and minerals, and food A

had the highest concentration of polyphenols and TAC. However, the

higher TAC and the lowest ROS production in the blood plasma were

foundwhen dogswere fedwith foods B andC, respectively. This shows

that therewas no consistent relationship between the antioxidant con-

tribution of food and the redox state of dog blood plasma. This may be

because antioxidants do not completely prevent oxidation. After some

time, the antioxidant activity may become saturated. Therefore, the

simultaneous use of multiple antioxidants becomes key to achieving a

synergistic action (Silva & Lidon, 2016).

The TAC is a suitable biochemical parameter for measuring the

general antioxidant state of plasma and bodily fluids that result from

consumption and/or production of antioxidants, and the antioxidant

usage due to normal or increased levels of ROS production. Hence, the

TAC assesses the capacity of both known and unknown antioxidants

and their synergetic interaction, thus giving an estimate on the equilib-

rium between oxidants and antioxidants in vivo (Ghiselli et al., 2000).

Even though the TAC measurement with the ABTS radical allows for

a simultaneous identification of hydrophilic and lipophilic antioxidants

(Prior et al., 2005), the result presented abovemay be explained by the

fact that this study did not measure all antioxidant components. For

instance, it does not take into account the role of important enzymes

such as superoxide dismutase glutathione peroxidase and catalases

(Rubio et al., 2016a). The variability in the results with different TAC

measuring methods in dogs can be explained by the inherent limita-

tions of each method (Rubio et al., 2016a). These limitations may even

account for the differences found while using the same method, such

as the ABTS assay (Rubio et al., 2016). Other possible limitations of

this study were the small sample size and potential carry-over effects

of previous treatment. However, in the week, from the fourth to the

seventh day of this week, 100% of the new diet was supplied. The sam-

ple for the evaluation of the redox status of the blood plasma was

always taken at the end of the adaptation week with the new diet, so

that the dogs already had an 11-day consumption of the food eval-

uated. Only males of the same breed and age were chosen for the

study, to avoid possible variations in the redox state of the plasma,

related to these characteristics. However, it would be very interesting

for future studies to include effects, such as breed, age and sex, in the

evaluation of the redox status of blood plasma, related to the type of

diet.

Another aspect that may have influenced the results is the per-

centage of consumption and rejection of each of the tested foods.

The fact that foods C and D had lower consumption and higher rejec-

tion percentages than food B may account for the reduced TAC in the

blood plasma of the dogs fed with dry foods C and D, although they

had a higher concentration of vitamins and minerals in their formu-

lation. Differences in food consumption may be due to its different

components and proportions of the same. For example, many differ-

ent fat sources, particularly the highly polyunsaturated fats and/or

the lower saturated fats, can condition flavour preferences (Ackroff

et al., 2005).Other researchers have suggested that, if dogs are offered

a range of nutritionally variable foods, they make food choices that

maintain a specific ratio of macronutrients (Hewson-Hughes et al.,

2013). These studies imply that food consumption reflects a physiolog-

ical need rather than choices based on palatability or food availability

(Hewson-Hughes et al., 2016). This could suggest that foods C and D

could meet the nutritional needs of dogs, with less food consumed,

which is also related to the energy density of the diet; foods C and

D have a higher metabolizable energy and, therefore, a lower con-

sumption, whereas for foods A and B, the opposite was observed,

because dogs compensate for dietary energy by increasing intake

(Alexander et al., 2017).

On the other hand, endogenous antioxidant system is complex and

includes enzymatic antioxidants (superoxide dismutase, glutathione

peroxidase), free radical traps (vitamins A, C and E) and metal chelat-

ing agents (Freeman et al., 2005). Some of these antioxidants may

become prooxidants and be potentially harmful, depending on the

antioxidant concentration, reactivity, redox potential and the nature

of their neighbouring molecules (Carocho & Ferreira, 2013; Villanueva

& Kross, 2012a). This may explain why the food with the best antiox-

idant profile (food A) did not result in the most optimal redox state

of the dog blood plasma, and why the food that exhibited the low-

est TAC (food B) showed the highest blood ROS levels. Ideally, the

preferred method to evaluate oxidative stress is to directly measure

ROS. Nevertheless, ROSs are difficult to measure with standard bio-

chemical techniques due to ROS high reactivity and short half-life

(Macotpet et al., 2013). The reports on the reference values for oxida-

tive stress in dogs are severely limited and contradictory because

the oxidative state is variable and may be modified by several fac-

tors (Todorova et al., 2005). In this study, for example, an influence of

the dog on the antioxidant capacity and ROS production in its blood

plasma was detected, even when the same dog was fed the different

dry foods. This may support the idea that there is a genetic com-

ponent that causes different responses to antioxidants (Villanueva &

Kross, 2012b). Furthermore, the interaction between sampling date

and dog ID affected plasma ROS and ABTS values, possibly because

sampling date was subject to the type of dry dog food and its

consumption.
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5 CONCLUSIONS

Dry dog food affects the oxidative/antioxidant profile of blood plasma

in dogs. However, it appears that this is not directly related to the

oxidative/antioxidant profile of the food, but it seems to be affected by

the nutritional profile and the consumption of the food, as well as by

a great influence of the dog. This leads us to think that the process of

determining the food that most favours the oxidative/antioxidant

equilibrium in dogs still has important knowledge gaps to be

addressed.
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